
JOURNAL OF VIROLOGY, Sept. 2011, p. 8502–8513 Vol. 85, No. 17
0022-538X/11/$12.00 doi:10.1128/JVI.02600-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Ebolavirus �-Peptide Immunoadhesins Inhibit Marburgvirus and
Ebolavirus Cell Entry�

Sheli R. Radoshitzky,1,2 Kelly L. Warfield,1,3 Xiaoli Chi,1 Lian Dong,1 Krishna Kota,1
Steven B. Bradfute,1 Jacqueline D. Gearhart,1 Cary Retterer,1 Philip J. Kranzusch,2
John N. Misasi,4 Marc A. Hogenbirk,2,5 Victoria Wahl-Jensen,6 Viktor E. Volchkov,7

James M. Cunningham,4 Peter B. Jahrling,6 M. Javad Aman,1,3 Sina Bavari,1
Michael Farzan,2 and Jens H. Kuhn2,6,8*

U.S. Army Medical Research Institute of Infectious Diseases, Fort Detrick, Frederick, Maryland 217021; New England Primate
Research Center, Harvard Medical School, Southborough, Massachusetts 017722; Integrated BioTherapeutics, Inc.,

Germantown, Maryland 208763; Brigham and Women’s Hospital, Harvard Medical School, Boston,
Massachusetts 021154; Eijkman Graduate School for Immunology and Infectious Disease,

Universiteit Utrecht, The Netherlands5; Integrated Research Facility at Fort Detrick,
National Institute of Allergy and Infectious Diseases, National Institutes of

Health, Fort Detrick, Frederick, Maryland 217026; INSERM U758,
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With the exception of Reston and Lloviu viruses, filoviruses (marburgviruses, ebolaviruses, and “cuevavi-
ruses”) cause severe viral hemorrhagic fevers in humans. Filoviruses use a class I fusion protein, GP1,2, to bind
to an unknown, but shared, cell surface receptor to initiate virus-cell fusion. In addition to GP1,2, ebolaviruses
and cuevaviruses, but not marburgviruses, express two secreted glycoproteins, soluble GP (sGP) and small
soluble GP (ssGP). All three glycoproteins have identical N termini that include the receptor-binding region
(RBR) but differ in their C termini. We evaluated the effect of the secreted ebolavirus glycoproteins on
marburgvirus and ebolavirus cell entry, using Fc-tagged recombinant proteins. Neither sGP-Fc nor ssGP-Fc
bound to filovirus-permissive cells or inhibited GP1,2-mediated cell entry of pseudotyped retroviruses. Sur-
prisingly, several Fc-tagged �-peptides, which are small C-terminal cleavage products of sGP secreted by
ebolavirus-infected cells, inhibited entry of retroviruses pseudotyped with Marburg virus GP1,2, as well as
Marburg virus and Ebola virus infection in a dose-dependent manner and at low molarity despite absence of
sequence similarity to filovirus RBRs. Fc-tagged �-peptides from three ebolaviruses (Ebola virus, Sudan virus,
and Taï Forest virus) inhibited GP1,2-mediated entry and infection of viruses comparably to or better than the
Fc-tagged RBRs, whereas the �-peptide-Fc of an ebolavirus nonpathogenic for humans (Reston virus) and that
of an ebolavirus with lower lethality for humans (Bundibugyo virus) had little effect. These data indicate that
�-peptides are functional components of ebolavirus proteomes. They join cathepsins and integrins as novel
modulators of filovirus cell entry, might play important roles in pathogenesis, and could be exploited for the
synthesis of powerful new antivirals.

Filoviruses (marburgviruses, ebolaviruses, and “cuevavi-
ruses” [20]) cause viral hemorrhagic fevers in humans with
high case fatality rates (19). The notable exceptions are Reston
virus (RESTV), an ebolavirus that is nonpathogenic for hu-
mans but virulent in other primates and possibly domestic pigs
(2, 34), and Lloviu virus, a cuevavirus possibly pathogenic for
bats (20). Currently, filovirus infections can neither be treated
by antivirals nor prevented by vaccines.

Filovirus cell entry is mediated by a class I fusion protein, the
spike protein GP1,2 (23, 50). Its precursor assembles as a
trimer. Each of its monomers is cleaved by furin into ectodo-

main GP1 and transmembrane GP2 subunits, which remain
connected through a disulfide bond (12, 49, 51). GP1 mediates
receptor binding (12, 39) via a distinct receptor-binding region
(RBR) located within its amino terminus (8, 21, 23). The
identity of the receptor remains unclear, but recent data sug-
gest that at least marburgviruses and ebolaviruses bind a
shared cell surface receptor (21, 29). Filovirus particles are
translocated into acidified endosomal compartments after re-
ceptor engagement (14, 30, 60). GP1 is then cleaved to a
19-kDa intermediate by cathepsins B and L (6, 8, 38, 41),
proteases that are regulated by �5�1-integrin (42). Subsequent
conformational changes in GP2 facilitate fusion of the viral and
cellular membranes (13, 17, 23, 37, 57).

Marburgviruses and ebolaviruses cause similar diseases in
primates (19). However, marburgvirus GP genes encode only
GP1,2 spike proteins (12), whereas ebolavirus and cuevavirus
GP genes express three proteins from individual, partially
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overlapping open reading frames (ORFs): GP1,2 and two se-
creted glycoproteins, soluble GP (sGP) and small soluble GP
(ssGP) (33, 40, 48), whose functions are unknown. The sGP
precursor forms a homodimer (3, 11, 53) in parallel orientation
(11, 53), and each monomer is cleaved by furin at its C termi-
nus, yielding the mature sGP dimer and a secreted peptide,
�-peptide (54). sGP shares its N-terminal �295 amino acid
residues with GP1,2 and ssGP (40, 48) and was therefore sug-
gested to serve as a neutralizing antibody decoy in the blood-
stream (16). Ebolavirion-like particles, produced by coexpres-
sion of the ebolavirus matrix protein VP40 and GP1,2, activate
human endothelial cells and induce a decrease in barrier func-
tion exacerbated by exposure to tumor necrosis factor alpha
(TNF-�). sGP induces a recovery of the barrier function, in-
dicating that it might play an anti-inflammatory role (56). Thus
far, only one study has specifically addressed �-peptide (54).
�-Peptide is a highly posttranslationally modified peptide (pre-
dicted mass of �4.7 kDa; actual mass of �10 to 14 kDa) that
is rapidly and efficiently cleaved from the sGP precursor ex-
pressed from plasmids in vitro. However, in contrast to mature
sGP, �-peptide is retained in producer cells for extended pe-
riods of time before being released into the cell culture super-
natant, and the overall amount of secreted peptide is less than
that of sGP (54). Until now, �-peptide was thought to be a
mere by-product of sGP maturation without obvious function
(54, 56). The absence of �-peptide antibodies and the difficulty
to create recombinant viruses expressing tagged �-peptides
due to the GP gene organization with its three overlapping
reading frames have thus far prevented the detection of �-pep-
tide in sera of infected cells or animals.

In analogy to published experiments with GP1 (21), we ex-
amined the cell surface binding and filovirus entry-inhibitory
properties of Fc-tagged sGP, ssGP, and �-peptide. Here, we
report that sGP-Fc and ssGP-Fc did not influence filovirus cell
entry. However, the Fc-tagged �-peptides of three ebolaviruses
(Ebola virus [EBOV], Sudan virus [SUDV], and Taï Forest
virus [TAFV]) specifically inhibited cell entry of retroviruses
pseudotyped with Marburg virus (MARV) GP1,2, as well as
infectious Ebola virus and Marburg virus, in a dose-dependent
manner and at low molarity. In contrast, the Fc-tagged �-pep-
tide of an ebolavirus nonpathogenic for humans (Reston virus)
and that of an ebolavirus with lower lethality for humans
(Bundibuguo virus) did not have an obvious phenotype. Our
finding that the functional peptides bind to filovirus-permis-
sive, but not to filovirus-resistant cells, and the observation that
they inhibit entry of both marburgviruses and ebolaviruses
despite the fact that �-peptides are not produced by marburg-
viruses indicates that they interfere with a pathway used by all
filoviruses to gain entry into target cells.

MATERIALS AND METHODS

Cell culture. African green monkey kidney epithelial (Vero E6) cells, human
cervical adenocarcinoma epithelial-like (HeLa) cells, and human acute T-cell
leukemia Jurkat E6-1 T lymphocytes were obtained from the ATCC (CRL-1586,
CCL-2, and TIB-152, respectively). Human embryonic kidney (HEK) 293T cells
(52) were originally obtained from Joseph Sodroski, Dana Farber Cancer Insti-
tute, Boston, MA. Adherent (Vero E6, HeLa, and HEK 293T) cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM), and a suspension
(Jurkat E6-1) of T lymphocytes was maintained in RPMI 1640 medium (Gibco-
Invitrogen), at 37°C in a humidified atmosphere containing 5% CO2.

Viruses and infection assays. Experiments with infectious filoviruses were
performed under biosafety level 4 conditions. In the case of Ebola virus, Vero E6
cells were preincubated with the indicated concentrations of Fc constructs for 1 h
at 37°C. After medium removal, cells were incubated with either enhanced green
fluorescent protein (eGFP)-expressing EBOV (Mayinga variant) (55) or with
EBOV (Kikwit variant) for 1 h at 37°C (for multiplicity of infection [MOI], see
figure legends). Virus was removed, cells were washed three times with phos-
phate-buffered saline (PBS), and medium was replenished. After 72 h, cells were
fixed in 10% neutral-buffered formalin (ValTech Diagnostics) for 72 h. For
experiments with eGFP-expressing EBOV, the percentages of eGFP-expressing
cells were determined by Discovery-1 automated microscopy (Molecular De-
vices) measuring nine individual spots per well. In the case of Marburg virus,
Vero E6 cells were preincubated with the indicated concentrations of Fc con-
structs for 1 h at 37°C (for MOIs, see figure legends). After medium removal,
cells were incubated with MARV (Ci67 variant) for 1 h at 37°C. Virus was
removed, cells were washed three times with PBS, and medium was replenished.
After 72 h, culture supernatants were harvested in TRIzol (Invitrogen). Total
RNA from untreated cells (mock) or cells infected with MARV was prepared by
using a MagMax 96 RNA extraction kit (Ambion). Quantitative reverse tran-
scription-PCR (qRT-PCR) assays were performed using an ABI Prism 7900HT
sequence detection system, an RNA UltraSense One-Step kit (Invitrogen), and
TaqMan probes (Applied Biosystems) in accordance with the manufacturers’
instructions. The final concentrations used in the 20-�l reaction mix contained 5
�l of RNA, 0.4 �M concentrations of each primer (MARV_GP2_F, TCACTG
AAGGGAACATAGCAGCTAT; MARV_GP2_R, TTGCCGCGAGAAAATC
ATTT), 0.2 �M probe (MARV_GP2_P, 6-FAM-ATTGTCAATAAGACAGTG
CAC-MGB, where FAM is 6-carboxyfluorescein and MGB is minor groove
binder), 4 �l of 5� reaction mix, 0.4 �l of 6-carboxy-X-rhodamine (ROX), and
1 �l of enzyme mix (the reaction cycle consisted of reverse transcription at 50°C
for 20 min, initial denaturation at 95°C for 2 min, and amplification for 40 cycles
at 95°C for 15 s and 60°C for 30 s). Serial 10-fold dilutions of MARV (102 to 107

copies) were used as standards. Alternatively, cells were fixed in 10% neutral-
buffered formalin for 72 h and stained for quantitative image-based analysis with
mouse monoclonal antibodies against EBOV GP1,2 (6D8) or MARV GP1,2

(9G4), followed by Alexa Fluor 488 goat anti-mouse IgG (Invitrogen). Infected
cells were stained with Hoechst 33342 and HCS CellMask Red (Invitrogen).
Fluorescent images were acquired on an Opera confocal reader (model 3842,
quadruple excitation high sensitivity [QEHS]; Perkin Elmer) using a 10� air
objective. Analysis of the images was accomplished within the Opera environ-
ment using standard Acapella scripts examining �8,000 cells per sample.

Construction of �-peptide-encoding genes, variants, and control proteins.
Codon-optimized open reading frames encoding the Ebola virus, Reston virus,
Sudan virus, and Taï Forest virus �-peptides (GenBank NP_066247, NP_690584,
AAU43886, and AAB37092, respectively), as well as the EBOV secreted glyco-
proteins sGP and ssGP (NP_066247 and NP_066248, respectively) lacking signal
sequences were synthesized by de novo recursive PCR. ORFs encoding the
�-peptides of Bundibugyo virus (BDBV) and Reston virus variant BulaA
(RESTV-BulaA) were synthesized commercially by DNA 2.0. ORFs were ligated
into a pCDM8-derived expression vector (53) encoding the CD5 signal sequence
upstream of the ORF insert and the Fc region of human immunoglobulin G1
(Fc) downstream. Plasmids encoding Fc fusion variants of the MARV, EBOV,
and SUDV receptor-binding regions (RBRs consisting of MARV residues 38 to
188 fused to Fc and EBOV/SUDV residues 54 to 201 fused to Fc [MARV
38-188-Fc and EBOV/SUDV 54-201-Fc], respectively) and other proteins (hu-
man immunodeficiency virus type 1 [HIV-1] gp120-Fc, influenza A virus
[FLUAV] HA7 and NA1, Lassa virus [LASV] GPC, lymphocytic choriomenin-
gitis virus [LCMV] GPC, Machupo virus [MACV] GP1�-Fc and GPC, MARV
GP1,2-C9, and vesicular stomatitis Indiana virus [VSIV] G) have been described
previously (9, 34, 50). Vectors encoding N- and C-terminal truncation variants of
�-peptides, including the Fc-only control, were generated by inverse PCR. Plas-
mids encoding point mutants were generated using the QuikChange method
(Stratagene). Plasmids encoding Reston-Sudan or Sudan-Reston �-peptide chi-
meras were synthesized by consecutive PCRs.

Expression of Fc-tagged �-peptides, variants, and control proteins. Proteins
were purified as previously described (9). Briefly, HEK 293T cells were trans-
fected with plasmids encoding Fc-fusion �-peptides, variants, or control proteins
using the calcium-phosphate method and grown in 293 SFM II medium (Gibco-
Invitrogen). Media were harvested, and proteins were precipitated with protein
A-Sepharose Fast Flow beads (GE Healthcare), eluted with 50 mM sodium
citrate-50 mM glycine, pH 2, neutralized with sodium hydroxide, dialyzed in PBS,
and concentrated. Purified proteins were assayed by SDS-PAGE, followed by
Bio-Safe Coomassie staining (Bio-Rad), and quantified by using a Micro BCA
(bicinchoninic acid) protein assay kit (Pierce).
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Cell-binding assays. Cell-binding assays were performed as described previ-
ously (9). Fc constructs were added to 3 � 105 to 5 � 105 cells to a final
concentration of 100 to 200 nM and incubated on ice for 1 h. Cells with bound
proteins were incubated for 45 min on ice with a 1:40 dilution of goat fluorescein
isothiocyanate (FITC)-conjugated anti-human Fc antibody (Sigma-Aldrich) and
fixed with PBS–2% formaldehyde. Cell surface binding of constructs was de-
tected by flow cytometry with 10,000 events counted per sample. Baseline fluo-
rescence was determined by measuring cells treated only with goat FITC-conju-
gated anti-human Fc antibody, which was then subtracted from binding values of
the tested constructs and control proteins.

Transduction assays. To generate retroviral pseudotypes, HEK 293T cells
were transfected by the calcium-phosphate method with plasmid encoding (i)
FLUAV HA7 and NA1, LASV GPC, LCMV GPC, MACV GPC, MARV GP1,2-
C9, or VSIV G, together with (ii) the pQCXIX vector (Clontech) expressing
enhanced green fluorescent protein (eGFP) flanked by the Moloney murine
leukemia virus (MLV) long terminal repeats, and (iii) plasmid encoding the
MLV gag-pol genes as described previously (9, 34, 54). Cell supernatants were
cleared of cellular debris by centrifugation and filtration and added to permissive
cells in the presence of the indicated concentrations of Fc constructs. Volumes of
supernatants were adjusted to ensure a transduction rate of �30%. After 5 h,
cells were replenished with fresh medium. After 36 to 48 h, cells were detached
with trypsin (Gibco-Invitrogen) and fixed with PBS–2% formaldehyde. eGFP
expression was detected by flow cytometry with 10,000 events counted per sam-
ple. Baseline fluorescence was determined by measuring cells exposed to mock
control (medium), which was then subtracted from measured values of cells
exposed to pseudotypes. Samples containing pseudotypes only (absence of Fc
constructs) were taken as positive controls and normalized to 100% transduction.

RESULTS

Ebola virus �-peptide-Fc, but not sGP-Fc or ssGP-Fc, binds
to filovirus-permissive cells and inhibits marburgvirus and
ebolavirus GP1,2-mediated cell entry. Fc-tagged Ebola virus
(EBOV) and Marburg virus (MARV) GP1, and especially the
receptor-binding regions therein (RBR-Fcs), bind specifically
to filovirus-permissive, but not to filovirus-resistant, cells, and
both inhibit cell entry of MARV and EBOV (21). We assumed
that Fc-tagged EBOV sGP and ssGP, both of which contain
the EBOV GP1 RBR but differ from GP1 in their C termini,
behave similarly to both RBR-Fcs. To test this hypothesis, we
purified EBOV sGP-Fc, ssGP-Fc, and an assumed negative
control, �-peptide-Fc (�-Fc), from HEK 293T cells (Fig. 1A).
Equivalent concentrations of each protein were incubated with
filovirus-permissive Vero E6 (5, 10, 43, 47) (Fig. 1B) or HeLa
cells (5) (Fig. 1C) or with filovirus-resistant Jurkat E6-1 lym-
phocytes (5) (Fig. 1D). Cell surface association of each protein
was determined by flow cytometry using a FITC-conjugated
anti-Fc secondary antibody. Fc alone, Fc-tagged severe acute
respiratory syndrome coronavirus receptor-binding domain
(SARS-CoV RBD-Fc), HIV-1 gp120 (HIV-1 gp120-Fc) (59),
MACV receptor-binding domain (MACV GP1�-Fc) (35), and
EBOV RBR (EBOV 54-201-Fc) (21) were used as controls.
All controls behaved as expected. Fc did not bind to any cell
type tested. SARS-CoV RBD-Fc bound to Vero E6 cells,
which naturally express the SARS-CoV receptor, angiotensin-
converting enzyme 2, but not to HeLa cells or Jurkat E6-1
lymphocytes, which do not (25). HIV-1 gp120-Fc bound Jurkat
E6-1 lymphocytes, which naturally express the principle HIV-1
receptor, CD4, but not to Vero E6 or HeLa cells, which do not
(7, 18). MACV GP1�-Fc bound to Vero E6, HeLa, and Jurkat
E6-1 cells, which express the MACV receptor, transferrin re-
ceptor 1 (35). To our surprise, little to no association with Vero
E6 or HeLa cells was measured with EBOV sGP-Fc and ssGP-
Fc, whereas EBOV �-Fc bound these cells even more effi-
ciently than EBOV 54-201-Fc. On the other hand, none of the

three secreted EBOV glycoproteins (sGP-Fc, ssGP-Fc, and
�-Fc) associated with filovirus-resistant Jurkat E6-1 lympho-
cytes.

We then evaluated whether EBOV sGP-Fc, ssGP-Fc, or
�-peptide-Fc behaves like the EBOV RBR-Fc and inhibits
Marburg virus GP1,2-mediated cell entry, possibly by binding to
the shared filovirus receptor (21, 29). A Moloney murine leu-
kemia virus vector expressing eGFP was pseudotyped with the
spike protein GP1,2 of Marburg virus (MARV/MLV). MARV
GP1,2 was chosen for this experiment because both Marburg
virus and Ebola virus RBRs (MARV 38-188-Fc and EBOV
54-201-Fc, respectively) inhibit either EBOV/MLV or MARV/
MLV and because MARV/MLV was easier to produce in large
quantities and was more stable than EBOV/MLV when stored
over longer periods of time (21). Vero E6 cells were incubated
with EBOV sGP-Fc, ssGP-Fc, �-Fc or control proteins and
MARV/MLV (Fig. 1E). As expected, control proteins SARS-
CoV RBD-Fc and Fc had little and no effect on transduction
efficiency, respectively. In accordance with the cell-binding
data, EBOV sGP-Fc and ssGP-Fc inhibited cell transduction
by MARV/MLV only minimally, whereas EBOV �-Fc inhib-
ited MARV/MLV transduction approximately 2-fold more ef-
ficiently than the EBOV 54-201-Fc positive control. These data
surprisingly indicate that Fc-tagged EBOV �-peptide, for
which there is no equivalent in the MARV proteome, can
interfere with MARV GP1,2-mediated entry.

Fc-tagged Ebola virus, Sudan virus, and Taï Forest virus,
but not Reston virus and Bundibugyo, �-peptides inhibit filo-
virus GP1,2-mediated cell entry and infection of Marburg and
Ebola virus in a dose-dependent manner. We purified �-Fcs of
three other ebolaviruses, RESTV, SUDV, and TAFV, from
HEK 293T cells (Fig. 2A). Equivalent concentrations of each
�-Fc were incubated with filovirus-permissive Vero E6 cells
(Fig. 2B), HeLa cells (Fig. 2C), or filovirus-resistant Jurkat
E6-1 lymphocytes (Fig. 2D), and cell surface association of
each protein was determined by flow cytometry. Fc, SARS-
CoV RBD-Fc, HIV-1 gp120-Fc, MACV GP1�-Fc, and EBOV
54-201-Fc were used as controls. All Fc-tagged ebolavirus
�-peptides associated with the cell surface of Vero E6 and
HeLa cells. EBOV �-Fc bound to the surface of these cells
with much higher affinity than SUDV and TAFV �-Fcs,
whereas RESTV �-Fc exhibited the least efficient binding phe-
notype. In contrast, none of the Fc-tagged ebolavirus �-pep-
tides bound to Jurkat E6-1 lymphocytes.

The ability of the four ebolavirus �-Fcs to inhibit entry of
pseudotyped gammaretrovirus particles was again assayed us-
ing MARV/MLV (Fig. 2E). Fc, SARS-CoV RBD-Fc, and
MARV 38-188-Fc (21) were used as controls. EBOV, SUDV,
and TAFV �-Fcs efficiently inhibited cell transduction by
MARV/MLV in a dose-dependent manner and at low molar-
ity. Surprisingly, SUDV �-Fc and TAFV �-Fc were more ef-
ficient inhibitors than EBOV �-Fc and MARV 38-188-Fc
(50% inhibitory concentration [IC50] of �25 nM in this assay
for SUDV and TAFV �-Fcs). In accordance with the cell-
binding data, RESTV �-Fc inhibited transduction much less
efficiently than the other �-peptides. EBOV �-Fc was a rela-
tively weak inhibitor despite its consistently strong cell surface
binding, an observation which at this time we can only specu-
late to be due to unspecific cell surface binding via its extensive
O-glycosylation (54).
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To determine whether Fc-tagged ebolavirus �-peptides also
inhibit infectious filoviruses, Vero E6 cells were preincubated
with EBOV, RESTV, SUDV, and TAFV �-Fcs or SARS-CoV
RBD-Fc control and exposed to infectious EBOV-eGFP (Fig.
3A). In accordance with the results obtained with pseudotyped
MLV particles (Fig. 2E), virus infection, measured as the per-
centage of infected cells, was specifically inhibited by EBOV,
SUDV, and TAFV �-Fcs. SUDV and TAFV �-Fcs were again
the most efficient inhibitor, whereas RESTV �-Fc did not
inhibit EBOV-eGFP infection and behaved like the SARS-
CoV RBD-Fc negative control. To confirm the data obtained

with MARV/MLV, we next tested the effect of Fc-tagged
�-peptides on MARV infection. For this assay, we used a
10-fold higher MOI (MOI of 10) than in the EBOV-eGFP
experiment (MOI of 1) to determine whether inhibitory effects
of �-peptides remain visible under high virus concentrations.
In addition to Fc-tagged EBOV, SUDV, and RESTV �-pep-
tides, we also tested the Fc-tagged �-peptides of the recently
discovered Bundibugyo virus and of a RESTV recently isolated
from domestic pigs in the Philippines (RESTV-BulaA) (Fig.
3B). In accordance with the results obtained with MARV/
MLV and infectious EBOV-eGFP, we found that EBOV and

FIG. 1. Expression, cell surface binding, and cell entry-inhibitory effect of EBOV sGP-Fc, ssGP-Fc, and �-peptide-Fc. (A) EBOV sGP-Fc,
ssGP-Fc, �-Fc, and control proteins Fc, SARS-CoV RBD-Fc, HIV-1 gp120-Fc, MACV GP1�-Fc, and EBOV 54-201-Fc were purified from
transfected cells and visualized by Coomassie staining. (B, C, and D) Proteins (100 nM) were incubated with filovirus-permissive Vero E6 or HeLa
cells or filovirus-resistant Jurkat E6-1 lymphocytes and analyzed by flow cytometry. MFI, mean fluorescence intensity. (E) EBOV sGP-Fc, ssGP-Fc,
or �-Fc or control proteins (200 nM) were incubated with Vero E6 cells and eGFP-expressing MLV particles pseudotyped with MARV GP1,2.
Entry of pseudotyped MLV was quantified by measuring green fluorescence. Error bars indicate standard deviations.
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SUDV �-Fcs inhibited MARV infection, whereas RESTV
�-Fc had little effect. Additionally, we found BDBV �-Fc to
have no phenotype in this assay, whereas RESTV-BulaA �-Fc
was an efficient inhibitor. These data demonstrate that EBOV,
SUDV, and TAFV �-peptides, in addition to their inhibitory
effect on MARV GP1,2-mediated entry, also inhibit infectious
EBOV and/or MARV infection. This supports the notion that
�-peptides interact with a factor engaged by both marburgvi-
ruses and ebolaviruses to gain entry into target cells.

Fc-tagged ebolavirus �-peptides specifically inhibit mar-
burgvirus and ebolavirus GP1,2-mediated entry. We continued
our experiments with SUDV �-Fc as we had determined this
construct to be a very efficient EBOV and MARV infection
inhibitor, with the additional advantage of expressing to much
higher levels than the almost equally efficient TAFV �-Fc. To
evaluate whether ebolavirus �-peptide Fc fusion proteins spe-
cifically inhibit filovirus cell entry, Vero E6 cells were incu-
bated with SUDV �-Fc or SARS-CoV RBD-Fc control and

FIG. 2. Expression, cell surface binding, and cell entry-inhibitory effect of TAFV, SUDV, RESTV, and EBOV �-peptide-Fcs. (A) EBOV,
RESTV, SUDV, and TAFV �-Fc were purified from transfected cells and visualized by Coomassie staining. (B, C, and D) �-Peptide-Fcs or control
proteins (100 nM) were incubated with Vero E6 or HeLa cells or with Jurkat E6-1 lymphocytes and analyzed by flow cytometry. (E) The indicated
concentrations of �-Fcs or control proteins Fc, SARS-CoV RBD-Fc, or MARV 38-188-Fc were incubated with Vero E6 cells and eGFP-expressing
MLV pseudotyped with MARV GP1,2. Entry of pseudotyped MLV was quantified by measuring green fluorescence. Error bars indicate standard
deviations.
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MLV pseudotyped with the surface proteins of human influ-
enza A virus (FLUAV/MLV), Lassa virus (LASV/MLV),
Machupo virus (MACV/MLV), vesicular stomatitis Indiana
virus (VSIV/MLV), lymphocytic choriomeningitis virus
(LCMV/MLV) or Marburg virus (MARV/MLV) (Fig. 4). As
expected, SARS-CoV RBD-Fc had no effect on cell transduc-
tion by either MLV, and SUDV �-Fc did not inhibit cell
transduction by MLV pseudotyped with nonfilovirus spike pro-
teins. However, SUDV �-Fc again inhibited MARV/MLV
transduction, indicating that ebolavirus �-peptides specifically
modulate filovirus cell entry.

Mutational analysis of Fc-tagged Sudan virus �-peptide.
Next, we wanted to determine the functional region of SUDV
�-Fc. Individual SUDV �-peptide residues were mutated to
alanine, and N- and C-terminal truncations of SUDV �-pep-
tide were created to evaluate which parts of the peptide are
crucial for its function. Chimeras of SUDV and RESTV
�-peptides were synthesized to understand why RESTV �-Fc
is the only tested ebolavirus �-peptide that did not inhibit

EBOV and MARV infection (Fig. 5A). Three N-terminal trun-
cation mutants of SUDV (SUDV �7-48-Fc, SUDV �13-48-Fc,
and SUDV �18-48-Fc) could not be expressed. All other con-
structs were purified from HEK 293T cells (Fig. 5B). Equiva-
lent concentrations of these proteins were incubated with Vero
E6 cells (Fig. 5C) or with Jurkat E6-1 lymphocytes (Fig. 5D),
and cell surface association of each protein was determined as
described above. Fc, SARS-CoV RBD-Fc, and HIV-1
gp120-Fc were used as controls. A C-terminal truncation vari-
ant of SUDV lacking residues 1 to 39 (SUDV �1-39-Fc) bound
as efficiently to Vero E6 cells as wild-type SUDV �-Fc, while
a further C-terminal truncation reduced (SUDV �1-33-Fc) or
abolished (SUDV �1-28-Fc) cell surface association. An
SUDV mutant with the mutation of T9 to A (�T9A-Fc) was
created to evaluate whether a computationally predicted O-
glycosylation site within SUDV �-peptide plays an important
role in Fc-tagged �-peptide-mediated filovirus cell entry inhi-
bition. �T9A-Fc bound to Vero E6 cells with increased affinity
compared to �-Fc, and �1-39-Fc with the T9A mutation (�1-
39T9A-Fc) bound cells comparably to �1-39-Fc. The exchange
of �-Fc residue R21 for alanine did not have an effect on cell
association, whereas simultaneous exchange of C29 and C38,
which are absolutely conserved among all ebolavirus �-pep-
tides, for alanine residues surprisingly increased cell binding.
None of the created �-peptide mutants bound to filovirus-
resistant Jurkat E6-1 lymphocytes.

The ability of mutated SUDV �-Fcs to inhibit entry of pseu-
dotyped retrovirus particles was assayed as described above,
using MARV/MLV (Fig. 5E). SR�-Fc, a chimeric �-peptide
consisting of the N-terminal half of SUDV �-peptide and the
C-terminal half of RESTV �-peptide, inhibited cell transduc-
tion only minimally and at levels comparable to RESTV �-Fc.
Conversely, RS�-Fc, a chimeric �-peptide consisting of the
N-terminal half of RESTV �-peptide and the C-terminal half
of SUDV �-peptide, strongly inhibited transduction at levels
comparable to SUDV �-Fc. Successive C-terminal truncation
of SUDV �-Fc decreased cell-surface binding (Fig. 5C), as well
as transduction inhibition (�1-39-Fc � �1-33-Fc � �1-28-Fc �
1-17-Fc). The N-terminal truncation variant �28-48-Fc, which

FIG. 3. EBOV, SUDV, and TAFV, but not RESTV, �-peptide-Fcs
inhibit filoviruses infection. (A) Vero E6 cells incubated with Fc con-
structs were infected with EBOV-eGFP (MOI of 1). Infection was
quantified by measuring green fluorescence. Error bars indicate stan-
dard deviations. (B) Vero E6 cells incubated with Fc constructs were
infected with MARV (MOI of 10). Infection was quantified by qRT-
PCR. Error bars indicate standard deviations.

FIG. 4. SUDV �-peptide-Fc specifically inhibits filovirus GP1,2-me-
diated entry. SUDV �-Fcs (100 nM) were incubated with Vero E6 cells
together with eGFP-expressing MLV pseudotyped with the spike pro-
teins of either FLUAV, LASV, MACV, VSIV, LCMV, or MARV.
MLV entry was quantified by measuring green fluorescence. Error bars
indicate standard deviations.
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represents the C-terminal half of SUDV �-Fc, barely inhibited
cell transduction. SUDV �T9A-Fc, �S14A-Fc, �W18A-Fc,
and �W26A-Fc were not impaired in their ability to inhibit
pseudotype entry compared to wild-type SUDV �-Fc, whereas

�R21A-Fc and the double mutant �C29A C38A-Fc inhibited
entry less efficiently. These data indicate that SUDV �-Fc
exerts its entry-inhibitory effect primarily through amino acid
residues located in its C terminus.

FIG. 5. Effect of SUDV �-peptide-Fc mutants on filovirus GP1,2-mediated entry. (A) Overview of SUDV �-peptide-Fc mutants. In the top panel,
introduced alanine residues are bold and underlined. The Sudan-Reston �-Fc chimera (SR�-Fc) and Reston-Sudan �-Fc chimera (RS�-Fc) are shown
in the lower panel. Residues unique to SUDV, unique to RESTV, or shared among them are highlighted in light gray, not highlighted, or highlighted
in dark gray, respectively. (B) SUDV �-Fc mutants were purified from transfected cells and visualized by Coomassie staining. (C and D) SUDV �-Fc
mutants or control proteins Fc, SARS-CoV RBD-Fc, HIV-1 gp120-Fc, or wild-type SUDV �-Fc (100 nM) were incubated with Vero E6 cells or Jurkat
E6-1 lymphocytes and analyzed by flow cytometry. (E) SUDV �-Fc mutants or control proteins (100 nM) were incubated with Vero E6 cells and
eGFP-expressing MLV pseudotyped with MARV GP1,2. MLV entry was quantified by measuring green fluorescence. Error bars indicate standard
deviations.
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Fc-tagged Sudan virus receptor-binding region and Sudan
virus �-peptide do not act synergistically. It is possible that the
receptor-binding region of filovirus GP1 and ebolavirus �-pep-
tides exert their actions at different steps during the filovirus
life cycle. If so, both could either act additively or synergisti-
cally. To test this hypothesis, we incubated Vero E6 cells with
400 nM Fc control, 400 nM SUDV receptor-binding region
(54-201-Fc), 400 nM SUDV �-Fc, or a combination of 200 nM
SUDV 54-201-Fc together with 200 nM SUDV �-Fc and then
infected the cells with either MARV or EBOV as described
above. Analysis of the infection rates, using specific monoclo-
nal antibodies against MARV and EBOV GP1,2 and an Alexa
Fluor 488 anti-Fc antibody, revealed that the combination of
200 nM RBR-Fc and 200 nM �-Fc inhibited virus infection to
levels similar to those of 400 nM RBR-Fc or 400 nM �-Fc
alone (Fig. 6). We therefore conclude that both virus infection

inhibitors do not act synergistically when present at the same
time.

DISCUSSION

We are currently addressing two hypotheses as to the role of
�-peptides in pathogenesis. First, the peptides could prevent
superinfection of producer cells by binding to a cell surface
filovirus receptor. Low-level expression of EBOV spike protein
enhances, but high-level expression inhibits, cell transduction
with MLV/EBOV, and low-level expression did not have an
effect on MLV/MARV cell entry, whereas high-level expres-
sion inhibited it (28). These data imply that ebolavirus-infected
cells may be prone to superinfection early in infection and that
�-peptide could counter this susceptibility. �-Peptides also
could interfere with steps of the virus entry process other than

FIG. 6. SUDV �-Fc and RBR-Fc do not function synergistically. (Top) Vero E6 cells incubated with Fc constructs (total of 400 nM) were
infected with MARV (left panel) or EBOV (right panel) at an MOI of 3. Infection was quantified by high-content image-based analysis of
filovirus-infected cells stained with monoclonal antibodies targeting MARV or EBOV GP1,2. Error bars indicate standard deviations. (Bottom)
Representative images of the results presented in the top panel are shown. Filovirus-infected cells are shown in green and cytoplasmic/nuclear
staining is shown in red.
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cell surface factor binding, such as glycoprotein processing by
cathepsins or the yet still hypothetical protease-requiring fac-
tor that acts after cathepsin cleavage (6, 41). Preliminary ex-
periments suggest, however, that the peptides do not affect the
activity of cathepsin B in in vitro enzymatic assays (data not
shown). Second, it is possible that �-peptides prevent the as-
sociation of maturing ebolavirus GP1,2 with a receptor or a
coreceptor during synthesis in the ER of an infected cell and
thereby prevent trapping of budding progeny virions. Both
strategies are, indeed, being used by other viruses. For in-
stance, HIV-1 Nef downregulates the expression of the HIV-1
receptor CD4 to prevent superinfection (1) and circumvents
premature fusion by inhibiting the engagement of CD4 with
the spike protein gp160 in the Golgi network (27). Overexpres-
sion of CD4 in HIV-1-infected cells, on the other hand, re-
duces infectivity via the sequestering of gp160 by CD4 (22).
Furthermore, HIV-1 Vpu mediates endoplasmic reticulum
(ER)-associated protein degradation (ERAD) of CD4 to pre-
vent the formation of CD4-gp160 complexes (58). In the case
of influenza viruses, neuraminidase (NA) limits superinfection
of the producer cell by cleaving sialic acids, the receptors of
these viruses (15), an activity that is also necessary for the
release of progeny viruses (55). Marburgviruses, which do not
express �-peptides, may have developed an alternative way to
prevent superinfection and/or tethering to the plasma mem-
brane.

The EBOV RBR is present in GP1 (residues 54 to 201),
sGP, and ssGP. We therefore hypothesized that EBOV
sGP-Fc and ssGP-Fc bind to the surface of filovirus-permissive
cells, but not filovirus-resistant cells, and inhibit filovirus entry,
thus mimicking previously described properties of GP1-Fc and
its mutants (21). Unexpectedly, we discovered that the C-ter-
minal cleavage product that is produced during sGP matura-
tion, �-peptide, fulfilled these expectations when fused to Fc,
whereas sGP-Fc and ssGP-Fc did not (Fig. 1). The latter ob-
servation can be explained if one assumes that the unique C
termini of sGP and ssGP influence their tertiary and quater-
nary structures and thus their ability to modulate entry. In-
deed, antibodies from survivors of EBOV infection preferen-
tially react with either GP1,2 or sGP (31, 32). Moreover, GP1,2

assumes a trimeric conformation (23), whereas sGP assembles
as a parallel homodimer using two intermolecular disulfide
bonds at the N and C termini of each monomer (3). ssGP is
secreted as a homodimer that is held together by a single
intermolecular disulfide bond (33). The oligomeric state of
�-peptides remains to be determined. Initial experiments eval-
uating SUDV �-peptide tagged N-terminally with a FLAG tag
instead of a C-terminal Fc tag demonstrate that this most likely
monomeric variant does not inhibit Marburg virus infection
(Fig. 7). The two conserved cysteine residues in ebolavirus
�-peptides (Fig. 8 gives sequence information) and the ho-
modimerization of the �-peptide precursor, pre-sGP (3, 11,
53), suggest that �-peptides are most likely dimers. If that
indeed is the case, it is plausible that the inhibitory effect of
�-peptide is dependent on its dimeric state, and therefore only
an Fc �-peptide fusion (dimeric due to the Fc tag) acts as an
effective inhibitor. We have thus far failed in raising useful
antibodies against �-peptides using commercial services and
also in procuring sufficient amounts of sera of nonhuman pri-
mates that were infected with filoviruses but survived long

enough to mount an antibody response. Therefore, it remains
to be seen in which quantity and which tissues �-peptides are
produced in a filovirus-infected animal.

The observed effects of Fc-tagged ebolavirus �-peptides are
most intriguing since thus far they were regarded as nonfunc-
tional by-products of sGP maturation (54) and because the
peptides’ primary sequences are not similar to the filovirus
RBRs or to any other known protein. SUDV and TAFV �-Fc
inhibited infectious EBOV and MARV infection more effi-
ciently than EBOV �-Fc (Fig. 3), suggesting that they could be
developed as novel antivirals. Consequently, we have begun to
evaluate their efficacy in rodent models of filovirus disease.

Interestingly, �-Fc of RESTV, the only ebolavirus non-
pathogenic for humans (2, 34), did not inhibit EBOV or
MARV infection (Fig. 3). Since RESTV is as virulent for
nonhuman primates, such as cynomolgus macaques, as EBOV
and MARV, this observation leads to the fascinating hypoth-
esis that �-peptides could play important roles in filovirus
pathogenesis in different hosts or in filovirus persistence in
their reservoirs—now thought to be frugivorous bats (24, 45).
Indeed, recently performed experiments demonstrated that a
recombinant guinea pig-adapted EBOV tailored not to pro-
duce sGP/�-peptide is severely attenuated in guinea pigs com-
pared to parent guinea pig-adapted virus. Furthermore, pas-
saging of wild-type Ebola virus in Vero E6 cells led to the
evolution of variants with a modified GP gene editing site (“8U
virus”), which produces predominantly GP1,2 and little sGP/�-
peptide, whereas infection of guinea pigs with 8U virus rapidly
resulted in the evolution of “7U viruses,” thereby “correcting”
the ratio of GP1,2 to sGP/�-peptide to large amounts of the
latter. These data suggest that the wild-type 7U virus has a
selective advantage in animals for yet unknown reasons and
that the production of larger amounts of sGP and thereby
�-peptide are important factors in infection (52).

Computational analyses revealed that the sequences of
�-peptides are highly conserved among the variants of each
individual ebolavirus (Fig. 8). For instance, the �-peptide se-

FIG. 7. Evaluation of FLAG-tagged Sudan �-peptide as an inhib-
itor of MARV infection. Fc constructs, N-terminally FLAG-tagged
SUDV �-peptide, or FLAG tag alone was incubated with Vero E6
cells at the indicated concentrations. Cells were then infected with
MARV (MOI of 5), and infection rates were measured as described in
the legend of Fig. 6.
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quences of all known SUDV strains, isolated over 3 decades
from humans, are 100% identical. This extent of conservation
is also true for human EBOV variants and mouse- and guinea
pig-adapted viruses (EBOV-May BALB/c and -8mc-N3/-GPA-
P7, respectively), whereas western lowland gorilla isolates
(EBOV-GOR) and central chimpanzee isolates (EBOV-CH)
show slight variability. RESTV �-peptides of viruses isolated
from cynomolgus macaques in 1989, 1992, and 1996 are 100%
conserved as well. On the other hand, �-peptides of the indi-
vidual ebolaviruses (the recently described BDBV [46] and
EBOV, RESTV, SUDV, and TAFV) vary greatly among each
other but share common elements, suggesting that the function
of these peptides is important and is conserved across different
ebolavirus hosts (Fig. 8).

Recently, RESTV was isolated from domestic pigs from
Bulacan (BulaA) and Pangasinan (PangA and PangE) in the
Philippines (2). Surprisingly, the PangA and PangE �-Fcs of
these isolates differ slightly, and the BulA �-Fc differs drasti-
cally, from the other known RESTV �-peptides (Fig. 8). The
BulaA isolate is additionally characterized by a deleterious
mutation in the sGP/�-peptide furin cleavage site (RARR 3
RAQR), suggesting that this most divergent RESTV �-peptide
might not be produced during infection. Interestingly, one of
our experiments suggests that RESTV-BulaA �-Fc inhibits at
least MARV infection (Fig. 3B). This raises the fascinating

hypothesis that Reston viruses have evolved not to produce
functional �-peptides, either by scrambling their sequence
(macaque-derived RESTV) or by preventing their secretion
(RESTV-BulaA). Unfortunately, we did not have access to
sufficient amounts of high-quality stocks of either macaque- or
pig-derived RESTV and could therefore not yet evaluate the
effect of RESTV and other filovirus �-peptides on RESTV
infection. Likewise, one experiment (Fig. 3B) indicates that
BDBV �-Fc may also be either nonfunctional or specific for
BDBV as it had no influence on MARV infection. The func-
tion of this particular �-peptide will be evaluated in greater
detail once we gain access to BDBV and TAFV stocks.

Surprisingly, the conserved sequence in the center of the
peptides does not seem to be crucial for their function, as the
mutation of several of its residues in SUDV �-Fc to alanines
(�W18A-Fc, �R21A-Fc, and �W26A-Fc) did not impair cell
binding or transduction inhibition considerably (Fig. 5C and
E). Similarly, introduction of mutations into the N-terminal
half of the peptide (�T9A-Fc and �S14A-Fc) did not decrease
the inhibitory effect on GP1,2-mediated cell entry. In contrast,
consecutive truncation of the C terminus of SUDV �-Fc(�1-
39-Fc, �1-33-Fc, �1-28-Fc, and �1-17-Fc) did result in pro-
gressive loss of function. In addition, a chimera consisting of
the N-terminal half of SUDV �-peptide and the C-terminal
half of RESTV �-peptide (SR�-Fc) behaved like full-length

FIG. 8. Sequence alignment of ebolavirus �-peptides. Highlighted residues are shaded according to the BLOSUM62 score, which takes into
account physico-chemical properties and amino acid characteristics, such as charge or hydrophobicity (4). Conservation is measured as a numerical
index reflecting these characteristics in the alignment: identities score highest, followed by the next most conserved group containing substitutions
to amino acids assigned to the same physico-chemical class (26). GenBank accession numbers are as follows: 1, FJ217161; 2, EVU77384; 3,
EU051633; 4, EU051632; 5, AY526102; 6, AY526100; 7, EU051634; 8, EU051630; 9, EU051631; 10, AY526101; 11, EU051635; 12, AY526105; 13,
AY526098; 14, AY526104; 15, AY526099; 16, AY354458; 17, AF086833; 18, AF499101; 19, AF272001; 20, EU224440; 21, FJ621583; 22, FJ621584;
23, FJ621585; 24, AF522874; 25, NC_004161; 26, AB050936; 27, EVU23417; 28, Q9QP77; 29, AY729654; 30, EVU23069; 31, EU338380; 32,
FJ217162. EBOV-May, EBOV Mayinga variant; EBOV-Kik, EBOV Kikwit variant.
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RESTV �-Fc and inhibited GP1,2-mediated cell entry only
minimally, whereas a chimera consisting of the N-terminal half
of RESTV �-peptide and the C-terminal half of SUDV �-pep-
tide (RS�-Fc) mimicked SUDV �-Fc and inhibited transduc-
tion efficiently. The �28-48-Fc mutant, which consists only of
SUDV �-peptide’s C terminus, barely inhibited GP1,2-medi-
ated cell entry. These results indicate the following: (i) SUDV
�-peptide possibly requires its N terminus to ensure correct
folding, although the N terminus is not involved in attaching to
SUDV �-peptide’s cell-surface binding partner; (ii) the inhib-
itory function of SUDV �-Fc may be mediated by its C termi-
nus; (iii) T9 of SUDV �-Fc, which is probably O-glycosylated,
is not important for function; and (iv) residues S14, R21, W18,
and W26 (all located within the N-terminal half of the peptide)
and C29/C38 (in the C-terminal half) may not play crucial roles
in entry inhibition. A closer look at the C termini of ebolavirus
�-peptides led us to the conclusion that they might exert their
inhibitory effects through charged interactions rather than a
common structure as no sequence similarity is obvious (Fig. 8).
This is not unusual as structural disorder is a hallmark of
proteins associated with signaling or regulation (9, 44) and is
found among numerous virus proteins that are encoded by
overlapping ORFs, allowing them to adopt rapidly intercon-
verting structural shapes (36). Clearly, this hypothesis will have
to be tested through the creation of additional mutants.

The observations that several Fc-tagged ebolavirus �-pep-
tides bind with high efficiency to filovirus-permissive cells but
not to filovirus-resistant cells and even more so that they in-
hibit MARV spike protein-mediated cell entry as well as
EBOV and MARV infection clearly suggest that these pep-
tides interfere with a molecule that is engaged during cell entry
by both ebolaviruses and marburgviruses.
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